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[1] The Tropospheric Emission Spectrometer (TES) is an infrared, high-resolution
Fourier transform spectrometer which was launched onboard NASA’s Aura satellite in
2004 and is providing global, vertically resolved measurements of ozone in the
troposphere. TES version 2 (V002) data profiles have been validated in the troposphere
and lower stratosphere by way of comparison to ozonesondes and aircraft measurements.
TES measurements also have sensitivity throughout the stratosphere, and therefore TES
ozone profiles can be integrated to determine the total and stratospheric column in addition
to the tropospheric column ozone values. In this work we compare the ozone in the
stratosphere measured by TES to observations from the Microwave Limb Sounder (MLS)
instrument in order to show the quality of the TES measurements in the stratosphere. We
also compare the determination of a total column value for ozone based on the TES
profiles to the column measured by the Ozone Monitoring Instrument (OMI). The TES
tropospheric ozone column value is also calculated from the TES profiles and
compared with column values determined from ozonesonde data. Column
measurements are useful because the errors are markedly reduced from errors at the
profile levels and can be used to assess both biases and quality of the TES ozone
retrievals. TES observations of total or partial column ozone compare well with the
other instruments but tend toward higher values than the other measurements.
Specifically, TES is higher than OMI by �10 Dobson units (DU) for the total ozone
column. TES measures higher values in the stratosphere (above 100 hPa) by �3 DU
and measures higher ozone column values (�4 DU) in the troposphere than
ozonesondes. While the strength of the TES nadir ozone product is the vertical
resolution it provides in the troposphere, a tropospheric column value derived from
TES have utility in analyses using or validating tropospheric ozone residual products.
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1. Introduction

[2] The Tropospheric Emission Spectrometer (TES) has
been making measurement of ozone and other atmospheric

constituents from the Aura satellite since late September
2004 [Beer, 2006]. TES measurements are sensitive to
ozone in both the troposphere and stratosphere and therefore
can be used to make an accurate determination of the total
ozone column. TES measurements have undergone exten-
sive validation; however TES sensitivity to ozone in the
stratosphere has not been widely demonstrated. The study
described in this work will provide a preliminary evaluation
of TES ozone in the stratosphere. It will also illustrate the
ability of TES to make an accurate determination of the total
column value for ozone.
[3] This study will use Version 2 (V002) of the TES

Level 2 data products. The previous Version 1 (V001) of the
TES nadir ozone product has been preliminarily validated
using ozonesondes [H. M. Worden et al., 2007]. Version 2 of
the TES data products represents a significant improvement
over Version 1, primarily due to improved calibration of the
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TES Level 1B radiances [Shephard et al., 2008]. A descrip-
tion of the differences between the TES V001 and V002
Level 2 data products is available in the TES L2 Data User’s
Guide [Osterman et al., 2007]. TES makes measurements in
both the limb and nadir, but this study deals with validating
only the nadir ozone data. The V002 TES nadir ozone
products have been validated through an extensive analysis
using ozonesondes [Nassar et al., 2008; Thompson et al.,
2003, 2007] and aircraft lidar and in situ data [Richards et
al., 2008]. These analyses focused on the troposphere and
lower stratosphere and show that in the lower and upper
troposphere TES retrievals of ozone show a high bias
compared to the ozonesondes and lidar measurements.
Specifically, the TES ozone retrievals are higher than the
ozonesondes by 2.9–10.6 ppbv in the upper troposphere
and by 3.7–9.2 ppbv in the lower troposphere [Nassar et
al., 2008] while TES is higher than the lidar by 5–15%
[Richards et al., 2008]. The analysis described below is the
first to focus on TES measurements in the stratosphere and
examination of the total and tropospheric column ozone. In
general, when comparing TES profiles with other measure-
ments, it is essential to take into account the different
sensitivities of the instruments by applying the TES aver-
aging kernel. However, comparing columns rather than
individual profiles significantly reduces the error due to
averaging over pressure ranges larger than the TES vertical
resolution. The total error for ozone columns averages
1.5%, as compared to 16.5% for the average profile error
between altitudes 0 and 35 km. For this reason, we have
decided to perform a simple comparison of ozone column
products without accounting for the different instrument
sensitivities.
[4] The Ozone Monitoring Instrument (OMI) also is

operating from the Aura spacecraft. OMI measures back-
scattered solar radiance which allows it to measure column
ozone as well as many other aerosol and chemical constit-
uents of the atmosphere [Levelt et al., 2006a, 2006b]. For
the purposes of the study described here, we use the total
ozone column data from OMI retrieved with the TOMS
version 8 algorithm. OMI ozone column measurements
have been validated by comparison to ground-based and
other satellite observations [Ziemke et al., 2006]. The OMI
data are screened based on recommendations described at
OMI Total Ozone (OMTO3) webpage at the Aura Valida-
tion Data Center http://avdc.gsfc.nasa.gov/Data/Aura/OMI/
OMTO3/OMTO3_OVP_readme.html).
[5] The Microwave Limb Sounder (MLS) [Waters et al.,

2006] currently operates on the Aura spacecraft andmeasures
the abundance of a large number of atmospheric constituents
using measurements of thermal microwave limb emission.
The ozone data used in this study are the MLS version 2.2,
which has been validated for the upper troposphere and
stratosphere in a number of studies [Livesey et al., 2008;
Froidevaux et al., 2008; Jiang et al., 2008]. TheMLSVersion
2.2 data quality document [Livesey et al., 2007] provides
information on properly flagging the MLS ozone products,
and all MLS data shown in this analysis have been screened
according to the specifications in that document.
[6] The analysis will focus first on TES/MLS and TES/

OMI comparisons for a single ‘‘day’’ of TES data (actually
�26 hours) in July 2006. Then data from three time periods
(January–March 2005, October 2005 and July 2006) will be

used to understand the differences between column measure-
ments made by the three Aura instruments.

2. TES Data and Ozone Retrieval Sensitivity

[7] The TES standard operating mode is called the global
survey, which currently consists of a maximum of 3408
nadir measurements (scans) over approximately 26 hours
(16 orbits). The nadir footprint is 5 km by 8 km [Beer et al.,
2001] and consecutive nadir profiles are separated by
�182 km for the current TES global survey. The defini-
tion of a TES global survey has changed since the
instrument was launched; the original global survey had
a maximum of 1152 nadir profiles as two nadir scans
were averaged to produce a single profile. The original
global survey also made routine limb measurements. In
May of 2005 the global survey was changed to conserve
instrument life, limb scans were removed and nadir scans
were no longer averaged resulting in a maximum number
of 3456 nadir profiles. In January 2006, the last sequence
of each orbit was removed and replaced with an instru-
ment maintenance measurement and the maximum num-
ber of profiles decreased to the current value of 3408.
TES also makes special measurements that are used
primarily for validation and important science opportuni-
ties. The TES L2 Data User’s Guide [Osterman et al.,
2007] provides information on all TES measurement
modes and their characteristics.
[8] The TES Level 2 data products provide extensive

quality flag information to allow users to screen the data
for good profiles. The TES Level 2 team has put together
a main ‘‘master’’ quality flag to provide an initial
recommendation as to the quality of a retrieved TES
profile. All information necessary to recreate the master
quality flag is provided in the data product file, so that a
user can adjust the quality control criteria as needed
[Osterman et al., 2007]. Unless otherwise specified, the
TES data used in this analysis include only data that have
passed the ‘‘master’’ quality flag criteria.
[9] TES nadir retrievals provide profiles of ozone with

vertical sensitivity that varies from scan to scan. The
amount of vertical sensitivity varies with changes in the
cloud properties of the observed footprint and the thermal
properties of the atmosphere and Earth’s surface. The best
metric to understand the vertical sensitivity of a TES
retrieved profile is the averaging kernel. The averaging
kernel, which is provided in the data product for each
TES scan, shows where the retrieved profile is sensitive
and how the information gets smoothed through the profile
[Bowman et al., 2006; H. M. Worden et al., 2007]. An
example of a TES averaging kernel is provided in Figure 1
for a profile retrieved on 9 August 2006 over Baja,
California. The TES sensitivity is spread over broad regions
from 900 hPa up to nearly 1 hPa. This is a typical averaging
kernel for northern midlatitude ozone retrievals and shows
that TES has sensitivity over enough of the troposphere and
stratosphere to give a good estimate of the total ozone
column. In regions where the TES retrieved profiles are not
sensitive, the TES averaging kernel will go to zero and
values in the TES retrieved profile will revert back to their a
priori value. The TES ozone and carbon monoxide a priori
profiles are taken from climatology based on results from
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